May I say how deeply honoured I am by the invitation to give the first Edith Whetnall Lecture before the Sections of Otology and Laryngology of the Royal Society of Medicine and how great a privilege it is to meet so many of her former colleagues on an occasion when our central purpose is to remember with gratitude her life and her work. She devoted herself to finding out how best to help the child born deaf, the child with a serious hearing loss, and how best to help the parents of such children; she spent herself in this task for many years, though not as many as she, and certainly all of us, might have hoped; she did this in the face of the gravest ill-health, of a kind which would have incapacitated a lesser person. Her achievements, powers, life and devotion would all justify a eulogy which might fittingly be pronounced on the present occasion. But a eulogy is a solemn matter and she herself was a serious not a solemn person, with the ready sense of humour which so often characterizes the one and is never found in the other, and no tribute to her memory would be a fitting one which did not chime with her own tastes and aspirations.
The mainspring of her pioneering work was a steadfast desire to learn the truth of things, to find out how they worked and why they worked, or why they did not. This quality informed all of Edith Whetnall's work, no matter in what area, and herein lay her great strength. It is a quality which has always been rare and is perhaps growing rarer in the world of today, and it is diametrically opposed to the sentimentality which all too often blunts the edge of work which is devoted to good causes. This she would have none of and, because of this attitude of mind, the psychological climate which surrounded her was always bracing, too bracing for some of those who came in contact with her in the course of her work. Yet it is the quality for which we value Edith Whetnall and the work which she did, just as it is the quality which we do well to treasure wherever we find it, for it is the only thing which gives enduring value to our human efforts in whatever sphere they are made.
It seems, therefore, that the most appropriate and genuine tribute to her memory can be paid by taking up one or two of the questions which so profoundly interested her, in order to see whether, in the years that have passed since her death, we have managed to add to our knowledge or to gain fresh insights which put us in a better position to carry on and extend the work begun through her unselfish and unremitting efforts. Many will recall that her initial interest in deaf children was very much stimulated by the discovery that some individual deaf children, with severe hearing loss, developed speech which was highly intelligible and in some cases very little different from that of normally hearing children of the same age. Here was an observation which cried out for some explanation and raised a number of questions with regard to the treatment of young deaf children, the relation between hearing and speech, and particularly between hearing loss and the ability to speak, and about the central character of speech as a factor in the deaf child's development.
It soon appeared that in all of these cases of remarkable speech development despite serious hearing loss, there was a common feature: the mother of each child (even though it appeared to be or was known to be deaf) had ensured that sound should continually reach the child's ear by some means or other, often through the mother's speaking consistently close to the child's meatus. It was clear then that the vital factor was presenting sound to the deaf ear; if this was done, and done continuously, it seemed that the child itself could develop the capacity for speech, but there naturally remained many questions as to how this took place and indeed why it was possible. It is to some of these questions that we shall turn our attention in this lecture.
The Linguistic Basis ofSpeech The first important fact is that communication by speech rests on a very large store of language information which is at the disposal of language users, the speaker and the listener in ordinary conversation. This information is carried in the brain and is constantly drawn upon by the speaker when he is encoding what he wishes to say and by the listener when he decodes the messages which reach him. While speech undeniably involves great activity on the part of the muscular speech mechanism when we are talking and on the part of the hearing mechanism when we are receiving speech, what we may characterize as 'tongue work' and 'ear work', the overwhelmingly large proportion of what takes place during speech communication goes on in the cortex, it is actually 'brain work'. This provides us at once with the central fact in any attempt to account for the acquiring of normal speech by a deaf child. He suffers from an abnormality of the hearing mechanism but not from an abnormality of the brain; his brain is just as capable of learning, of gathering, storing and organizing information as the brain of the normally hearing child, and hence he has intact the most important component in the apparatus needed for acquiring speech.
If we take a large sample of children with hearing loss, and set aside for the moment those who may have multiple handicaps, we shall not expect the incidence of brain abnormalities to be significantly greater than in any other sample of the population. We are here concerned strictly with brain abnormality or normality and not with what is generally called intelligence or IQ, for the operations required of the brain during speech, although very complex, are not of a kind which calls for mental capacities of a high order. This is quite clear when we consider the immensely wide range of intelligence represented among the people in the world who learn to talk and to communicate through speech.
If we are to understand anything about the acquisition of speech by a deaf child, we must first of all examine the brain work involved in speech and find out whatever we can about it so that we may then ask whether a hearing loss will, by its nature, prevent a child from developing a capacity for this brain work, or will make it more difficult or entail modifications in the way in which it is done. A basic part of the brain activity which we are considering is concerned with discriminating between speech sounds, that is with sorting these sounds into the phoneme classes appropriate to a given language. To communicate through the medium of the English language we need to discriminate reliably between the first sounds of the words shore, sore, four and thaw, or the final sounds of rib, rid, rig, rim and ring. Our ability to register these distinctions is entirely the result of a learning process which goes on in the child during the period of language acquisition. Consequently it is not a function of the peripheral hearing mechanism, for we cannot voluntarily control the working of this mechanism. It is the brain which learns to take note of variations in the signals which reach it from the ear and to organize this information into the patterns required by the language.
In this respect the learning of our mother tongue is an experience which is never repeated in life, for it is during this process that the brain learns the trick of paying attention to acoustic differences which have a function in the language system and, what is equally important, of disregarding differences which have no such function. Our perception of sounds, for the purposes of speech, is shaped by the learning process. This is made clear by comparisons across languages, since no two languages organize acoustic information in exactly the same way. The difference between shore and sore, which seems very great to the brain of the English speaker, is imperceptible to the native speaker of, for example, Dutch; the words win and wing, which appear distinct to the English, are indistinguishable to the Spanish speaker; on the other hand, a number of Indian language systems distinguish among a set of six t sounds which are not perceptibly different to the English listener.
These facts about the brain organization of language material can be summarized by saying that it is the language structure which imposes its pattern upon the sounds, so that we perceive sounds as distinct from each other if they are used to mark one word from another but not if they do not perform this function. It is worth noting that this is the reverse of the situation which we all, as ordinary language-users, envisage. Because the sound distinctions in our native language seem so self-evident and inevitable, we assume that win and wing operate as different English words because their final sounds are intrinsically so different. But if this were the case, obviously the Spanish speaker would also hear them as distinct. In fact the opposite is true: because these two words have different meanings in English, our brains have learned to discriminate between the two sounds and in the same way have learned to differentiate among the 40 or more phoneme classes which make up the English sound system.
Recognition in Speech
The act of taking in a spoken message depends on recognizing the sound sequence which reaches our ears as something familiar, and recognition in speech is not basically different from recognition in other modes or other contexts. It is based on acoustic information which is fed frofm our ears to our brain just as recognition in the visible world is based on optical information. Visually we recognize many thousands of objects and probably hundreds of people. We naturally think that recognition is a matter of seeing the same thing again, but, if we think about it, this is physically impossible; our eyes will never receive exactly the same input on two occasions since there are always differences in the light and in the thing we are looking at. Recognition occurs despite the many physical differences in the stimulus. We could not in fact recognize anything if our brain took account of every bit of optical information that our eyes relayed to it. The only possible method is for the brain to pay attention to certain diagnostic items of information, in other words to visual cues. So when we recognize an acquaintance, for example, we depend on cues relating to his height, his build, gait, hair, face, clothes and so on. In this way we develop a basis for recognition which is very little affected by the real changes which are bound to occur from one occasion to the next and the system has the great advantage that, when conditions are such as to obscure or obliterate some cues in the pattern, we can still recognize with some degree of reliability, as we do for instance when we recognize a friend in the dusk at fifty yards on the basis of his height and his walk.
The recognition of speech sounds presents a parallel situation, although with the problems multiplied many times, for the physical variations in a speech sound on its different occurrences are infinitely wider than those of an acquaintance seen in different lights. Not only is the sound affected by other sounds which precede and follow it in the sequence but there is added to this variation the tremendous variability arising from the speech habits of the hundreds of individual speakers who send us messages. In these circumstances no method other than that of a pattern of cues will have any possibility of working reliably; the real problem is to develop criteria by means of which differences in sound can be disregarded in the presence of a restricted number of diagnostic cues. By using acoustic cues in this way we recognize the difference between, say, saw and thaw when said by a thousand different speakers despite the attendant variations in the sounds from speaker to speaker.
So far I have spoken only about the recognition of sound differences, but the production of speech sounds depends on the use of the same cue system as their recognition. The control of speech movements is based in large part on auditory feedback to the speaker's brain and, as we shall see, the establishment of this feedback loop is a vital factor in learning to speak. Learning to produce the sounds of speech involves a process of matching the sounds which one utters with sounds one hears from others. Once again, this can be done only through the use of a system of cues because there can never in any case be an exact match between any sound a speaker hears himself utter and what he hears from outside. One reason for this is the peculiar and indeed unique character of the monitored sound which reaches the speaker's own hearing mechanism, that is the bone-conducted signal transmitted through his skull. This transmission path has its own frequency characteristic which is very different from that of the air transmission channel which brings him the speech of other people, and consequently the sounds which he hears when he himself is speaking are truly unique. The only practical method is for the speaker to be guided by the acoustic cues which he has learned are effective in speech recognition; so long as his own speech sounds reproduce the appropriate cues in his own ear and brain, he can be confident that his speech can be decoded by his listeners, and nothing more is required.
Thus acoustic cues in speech are seen to be essential as the basis for both speech recognition and production. By relying on cues and patterns of cues, the brain is able to decode speech signals from many different speakers, all with different larynxes, different vocal tracts and different speech habits. It is also able to control the speech mechanism and to ensure that the necessary acoustic cues are present in the right arrangement in the speech signals which are sent out.
Language Acquisition and Acoustic Cues
We will now turn to a consideration of the processes by which the brain develops the capacity to use acoustic cues for both of these purposes. The brain of each individual child who learns to talk develops for itself the acoustic cues which it requires for operating in its mother tongue. It does so through being continually exposed to the sounds of speech linked with the events of its own external world. Everything that happens around the child can be, and sooner or later is, projected in the language of the community where he lives and social forces bear upon him which make it imperative for him to be able, in the first instance, to recognize and understand what he hears. This he can only do by learning to distinguish between the different things that are said to him and this, of course, has to be a gradual process. The sequence in which he does so is governed by the degree of interest which people and things in his world acquire for him as time passes and it is natural that the words he learns to distinguish in the early stages are those for his parents, his food, his clothes and so on. In order to recognize even two words as being different from each other, his brain has to develop some acoustic cues which will work reliably, that is to say will allow him to discriminate between the words when they are said on different occasions, at different pitches, at different rates and by different voices. An important point to notice here is that the acoustic cues are evoked by the distinction that has to be made, and not vice versa, and that the brain evolves only what cues are necessary at any given stage. If the child distinguishes only two words, say mama and dada, few cues are needed. As more words are added to those which he can recognize, so more cues have to be found on which to base the new distinctions, and by the time the child can recognize the difference between for example spoon and comb, his brain is making use of many more cues than it was when he could do no more than distinguish mama from dada. I referred earlier to patterns of cues because when we operate with the phoneme system of a language we use cues in various combinations and a number of phonemes will share a cue in common, just as we may have several acquaintances who have red hair, and yet others who all wear spectacles. In English the six stop consonants, p, t, k, b, d, g, are all characterized by a brief interruption in the stream of sound and this interruption is a powerful acoustic cue to the occurrence of any of them. The six sounds are differentiated from each other by a number of other cues combined in different ways. The first three can be distinguished from the second three by the precise moment at which the larynx mechanism is switched to the voicing mode; the bi-labial sounds, p and b, can be discriminated from the alveolar sounds, t and d, and these in turn from the velar sounds, k and g, on the basis of the transition of the second formant. By employing patterns of cues in these three cue dimensions, the interruption, the onset of voicing and the second formant transition, English listeners can recognize any one out of this group of six sounds quite reliably, though there are in fact still other types of cue available.
The child when learning to talk develops gradually the whole ensemble of cues which enable him to recognize all the distinctions which the phoneme system demands. Generally by the time he is about 5 years old he has completed this stage of his language development, but of course his ability to produce speech sounds lags some distance behind his ability to recognize them. This is a very important feature of normal speech development which is frequently overlooked although it is a fact which is well known to parents and to mothers in particular. Very often a mother will say of her child that he 'understands everything that is said to him' when she wants to convey that his speech reception is far in advance of his speech production. This is a perfectly valid observation; even when the child has developed all the acoustic cues that he needs to deal with the complete phonemic system, it is still some time before his own articulations are entirely in line with those of the adult speakers who surround him. During this time, as we have already said, he is modifying his articulations by using acoustic cues in monitoring his speech output and gradually he learns to make sure that his own speech gives rise to the same cues as the speech which he takes in from other people.
A vital component in this process is formed by the links which are established in the brain between the auditory and the motor speech systems. Long before the child begins to deal specifically with his own mother tongue, his brain has connected these two control systems together as a result of the activity of the babbling period. It is then that the child discovers that certain kinds of movement produce certain kinds of sound; he finds out that if he repeats a movement he will hear a sound again, and that if he wants to hear a particular sound, he has to make some particular movement. In his brain the connexions are made between the motor control circuits, the auditory feedback and the kinesthetic feedback circuits and these connexions are the basis of his control of speech movements for the rest of his life.
For this reason the babbling period is of the utmost importance for the development of speech, whether the child be normally hearing or deaf. Provided that the sounds of speech reach the child at this time in some form or other, the control circuits in the brain will be set up and will be available during the subsequent development of speech. This is one reason why early diagnosis of hearing loss and the early provision of hearing aids play such an important role in the care of the deaf child. Only too often it is reported of a deaf child that he babbled normally up to a certain age and then the babbling faded. This takes place because at a certain stage every child needs the stimulus of speech coming from other people in order to continue babbling activity and thus establish in working order the control circuits in the brain. In all the children mentioned earlier who developed excellent speech despite very serious hearing loss, the course of speech development at this vital stage was maintained by one means or another.
So far I have tried to show something of the nature of speech reception and production and its dependence on the use of acoustic cues. The brain of someone who has severe hearing loss receives acoustic information which is certainly different from that reaching the brain of a normally hearing person; this much we may take for granted. Consequently, if the act of recognition, whether auditory or visual or in any other mode, demanded the use of every available item of information, then any degree of deafness would render speech recognition impossible. We have seen that this is not the nature of the recognition process but there is one further general point about speech recognition which needs to be emphasized. The structure of a particular language imposes a patterning on the sounds which are used and the language system dictates what sounds must be distinguished from one another. It does not, however, dictate how they shall be distinguished; in other words, the system does not itself impose the use of specific acoustic cues. Every individual brain evolves these cues for itself in the process of learning to talk and is in fact free to settle on any cues it wishes, provided they work and ensure the necessary distinctions. To take a parallel in the visual world, a person who is colour blind almost certainly uses different cues in recognition from those used by normally colour sensitive people; such a person may, for example, read traffic signals by their position rather than by their colour. Similarly in speech, whether it is a case of defective hearing or not, an individual is free to develop any cues which will work in given circumstances and indeed it is certain that not all normally hearing people operate in exactly the same way with acoustic cues.
Experiments on Acoustic Cues:
Responses ofHearing Subjects This is an important point and one which we have to bear in mind particularly when considering the situation of deaf speakers. None the less it has been shown by experiment that, with regard to certain cues in English at any rate, we may expect some measure of agreement among normally hearing listeners. In the rest of this lecture I shall turn my attention to just a few of the cues which have been examined in this way in order to give some account of results obtained in experiments with hearing people and in some preliminary experiments with deaf subjects who have good speech.
The technique employed to evaluate the use of speech cues has been frequently described in the published literature and I shall therefore deal with it as briefly as possible, taking as a basis the particular cues that we are going to look at. In English we distinguish between the two words bay and payby noting that there is a difference in the initial sounds. The two sounds are in fact very much alike in some respects; in both, the lips are brought together and held so for a short time during which air pressure builds up behind the closure. At a given instant, the lips are separated rapidly, allowing the air to escape and the vocal folds are set in vibration for the vowel part of the syllable. At the moment when the lips are separated, a short burst of noise is heard which is due to the release of air under pressure. A powerful acoustic cue for the distinction between b and p in initial position has been found to be the time relation between the occurrence of the burst of noise and the instant at which the larynx mechanism is switched to the vibrating mode. For b, the noise burst and the onset of voicing are almost simultaneous, within very narrow limits, while for p, the onset of voicing lags behind the noise burst by an interval of the order of 50 milliseconds.
When we discriminate between b and p in ordinary speech, there are a number of cues available to us, in addition to the use we make of the redundancy of the language. However, it has been shown experimentally that as English listeners we can make the distinction on the basis of this difference in voice onset time. The method of demonstrating this relies on the use of speech synthesis. It is possible to synthesize a range of syllables consisting of a short burst of noise, appropriate to a bi-labial stop, and a vowel resembling ay, and to arrange it that the noise burst shall be exactly simultaneous with the start of the periodic sound (equivalent to voicing in the larynx), or that it shall follow or precede the beginning of the periodic sound by varying intervals. In this way it is possible to present to listeners syllables in which this one cue of voice onset time is varied while all the other acoustic information remains constant. The results of an experiment in which this has been done are shown in Fig 1. The syllables used covered a range from the condition in which the onset of the periodic sound preceded the noise burst by 150 ms (denoted in Fig 1 as -150 ) to the copdition in which the onset followed the noise burst after 150 ms, the whole range being covered in steps of 10 ms. The stimuli are presented to subjects in random order and they are asked to decide with respect to each one whether it belongs to the class b or p. Fig 1 shows the results for a group of 12 English subjects; the vertical scale gives the percentage of the listeners' identifications of the stimuli as beginning with b or p for each step in the series of time intervals. For all the conditions in which the onset of the periodic sound precedes the noise burst, and also where it follows with a delay of only 10 ms, listeners' judgments agree almost 100% that the syllable begins with b; where the voice onset lags behind the noise burst by 50 ms or more, there is 100% agreement that the syllable starts with p. The histograms shown within the curves are the results of measurements of natural speech; they show that in natural utterances of initial b, there is a very marked clustering at the value 0, that is to say the onset of voicing and the noise burst tend to be simultaneous, while for p there is more of a spread of measurements over the range from 10 to 90 ms of voicing lag. It is, of course, on the basis of this analytical information that the range of values for the synthetic stimuli is chosen.
Over the range from 10 to 50 ms of voicing lag, the percentage of b judgments is declining while that of p judgments is rising and the subjects' identifications are divided between b and p, showing that there is a degree of uncertainty. We might regard this area of uncertainty, from 10 to 50 ms of voicing lag, as representing the boundary between the phonemes b and p with respect to this particular cue.
English listeners give essentially similar results if we carry out the experiment with synthetic syllables where the noise burst is appropriate to the alveolar sounds d and t or with a third series where it is appropriate to the velars, g and k.
Evidently the time relation between the onset of voicing and the occurrence of a noise burst is an acoustic cue generally available for distinguishing between initial voiced and voiceless stops.
A second cue which has been explored by means of synthetic speech is one of those which English listeners use to discriminate between b and d, and d and g. When one of these sounds is combined with a vowel, as in the series of words bay, day and gay, a characteristic acoustic difference is found in the second formant transition of the periodic sound. With initial b the frequency of the second formant rises rapidly at the beginning of the periodic sound, with initial g it falls sharply and with initial d there is no change in the for- mant frequency or, with some vowels, a slight fall in frequency. By the use of a speech synthesizer it is possible to generate a range of stimuli which cover in a number of steps the interval from the condition for b to that for g, passing through that for d. The spectrograms for such a series of stimuli are shown in Fig 2. There are 16 different stimuli in the series, Stimulus 1 having a Formant 2 transition which rises sharply from a lower frequency to that of the main part of the syllable, and Stimulus 16 having a Formant 2 transition which falls from a higher frequency; Stimulus 7 has no transition of the second formant and intervening stimuli represent steps between the two extreme values. Notice that variation in Formant 2 transition is the only respect in which the stimuli in the series differ from each other; in all other ways the syllables are exactly alike.
Fig 3 shows a typical result obtained when such synthesized syllables are presented in random order to normally hearing subjects. For a number of the stimuli with a rising transition, those numbered 1-5, there is almost 100% agreement in identifying the syllable as bay, and similarly for a number of those with a falling transition, Nos. 12-16, there is agreement in identifying the stimuli as gay. Between these two ranges, there is a narrower range where there is good agreement in identification as day, Nos. 7-9. On either side of this there is an area of uncertainty such as that found in the previous data for voice onset time. Since Formant 2 transition is the only dimension of variation in the stimuli, we may conclude that this cue can function for English listeners as a means of distinguishing between bay, day and gay.
It should be mentioned that the listening test for this cue is one which gives a good deal of trouble to normally hearing subjects. The fact that it involves three categories rather than two adds to the subject's uncertainty and normal subjects have the impression that their responses are mainly the result of guessing. In spite of this, their data show the marked patterning which we see in these curves.
The last acoustic cue I shall discuss is one used in identifying fricative sounds in English. The initial sounds in the words saw and shaw are both noises of fairly high intensity covering a wide frequency range. Owing to the configuration of the vocal tract in the production of the sounds, the noise is differently filtered in the two cases and one can say broadly that the difference lies in the lower frequency limit of the noise band. In the case of shaw, noise energy will extend generally down to about 1800 Hz while in saw, the band of noise may cut off as high as 4000 Hz. These conditions can be simulated in synthesized syllables by suitable filtering of a wide-band noise; if the lower cut-off frequency is gradually lowered, the resulting noise will pass from a condition which resembles that of saw through an indeterminate range to a condition like that of shaw. Stimuli of this kind are indicated schematically in Fig 4. There are 13 stimuli and the blocked-in frequency bands show where the principal concentration of noise energy is in each case. This does not mean that there is no noise energy outside this band, for filters are not infinitely sharp and the same is true, of course, in the natural production of the sounds, where there is energy below what I have referred to as the lower cut-off frequency.
In natural speech, there are other cues available to us in distinguishing between the initial sounds of saw and shaw. What we have done in these particular synthetic stimuli is simply to isolate the acoustic cue which is largely responsible for our hearing t,he initial sound of saw as relatively high pitched and that of shaw as low pitched. In the absence of other cues, we can distinguish s from sh on the basis of this one cue, as is shown in the curves of Fig 5. These are pooled results for a group of English listeners who give complete agreement for the first four and the last five of the series of 13 stimuli. The area of uncertainty between the phonemic classes is very clearly marked between the stimuli numbered 5 and 8, with the 50% cross-over point very close to stimulus 6, for which the nominal definition of the noise was 3000-5000 Hz.
Responses ofDeafSubjects
We have now looked briefly at three acoustic cues which can be used by normally hearing English people: the voice onset time cue for the difference between b and p, the second formant transition cue for distinguishing between b, d and g and the noise frequency band cue for differentiating between s and sh. In the rest of the lecture I 10/ oo shall say something about the responses of a group of deaf subjects to exactly the same tests given in the same conditions. These three acoustic cues represent only a small part of the whole cue system which any individual listener will use, and also I have already emphasized that no listener is compelled to make use of a specific cue. Since we know, however, that representative groups of ordinary listeners do use these cues, we may hope to gain light on some general questions by asking deaf subjects to perform the same tasks. These are such questions as: Does a severe hearing loss prevent the brain from developing the capacity to use acoustic cues for speech? Is this capacity dependent on the degree of hearing loss and its frequency characteristic ? Can deaf subjects use some cues and not others and, if so, can we predict from their hearing function which these will be? I have referred here to deaf subjects but, as I stid at the beginning, I am concerned with those with a serious loss of hearing who have none the less developed near-normal speech, since it is in such people, if at all, that we may expect to find acoustic cues operating. Experiments have been carried out with a group of 5 young deaf people, who all have good speech. They are all former patients of Edith Whetnall's or of her colleagues at the Nuffield Hearing and Speech Centre and I should like to say how grateful I am to them for giving their time and their help in making this work possible. Of the 5, 3 have hearing losses in both ears throughout the frequency range of the order of 70 to 100 dB; the other 2 have slightly more hearing for low frequencies, one with a loss of 30-40 dB up to 500 Hz and the other showing a loss of 50 dB already at 250 Hz. In 4 cases the hearing loss was congenital and in the fifth was acquired at the age of 15 months. The listening tests were carried out in the same conditions as with normal subjects, with the same explanation of the test and the same methods of listening and responding. All the subjects habitually use hearing aids, which were of course used during the tests, and each individual was given the stimuli at a comfortable listening level, as is done with normally hearing subjects.
The data which I have shown for normal subjects were in each case pooled results for a group. It is not to be expected that one could very reasonably pool data from a number of deaf subjects, given the variety of hearing losses which they inevitably represent. On the other hand, to review in detail the performance of each individual would take longer than the time at our disposal and I shall therefore try to deal with some of the most striking features in what must be regarded as still essentially preliminary results.
The first measurements dealt with the relation between the burst of noise which marks the beginning of b or p and the start of the periodic sound which corresponds with the vowel part of the syllable. Provided that both of these elements are audible to the deaf subject, we should not expect him to have difficulty in registering the time differences. With the degree of hearing loss present in all these subjects, however, one could not predict with certainty that the acoustic events would be audible enough to provide a basis for the judgment. In the event, this was the experiment which all the deaf subjects did with the least difficulty and the results were so similar for each individual that the data for the group could be pooled. When this is done, it is clear that the performance of the deaf subjects with respect to this acoustic cue does not differ from that of normally hearing people. The pooled data for the 5 deaf subjects are shown in Fig 6, and the similarity to the data for hearing subjects is striking. Like the normal subjects, the deaf give very good agreement over a large number of steps in the range and show the same area of uncertainty between the phonemic classes over the range from 10 to 50 ms of lag after the occurrence of the noise burst.
Here then is a very clear indication that it is possible for those with a severe loss of hearing to develop the capacity for using acoustic cues in speech and, moreover, they may actually use such cues in the same way as normally hearing people. This is a good demonstration of the truth of the fact that it is essentially brain work that is involved, since the essence of this particular cue is a judgment of a time difference which is not dependent upon the mere functioning of the peripheral hearing mechanism, but relies on an estimate of time differences by the brain.
When we turn to the next cue, the transition of Formant 2 as a cue to b, d and g, the picture is very different. With one exception, the deaf subjects gave more or less random results in which b, d and g judgments were distributed throughout the range of the 16 different stimuli. In Fig 7, subjects shown at the top on the left. One deaf subject, H S, is able to operate with this cue very much like a normally hearing person. The numerous excursions in her curves are due to the fact that a single subject makes relatively few responses compared with a group of subjects; if she were to respond to the test many times, these would undoubtedly be smoothed out very considerably. Her responses show clearly the general trends of the normal results: the three classes, b, d and g are well defined and there is no doubt that she is able to make use of the second formant transition cue. She is the one of the group who has most hearing in the low frequency range, in the better ear 30-40 dB up to 500 Hz, and this may be one reason for her developing the use of this cue. What is perhaps more significant, however, is that she is the one who has the most normal, speech; I believe this at least suggests that this type of cue is important not only for the reception of speech but also for its production.
Only one other deaf subject gave any indication of being able to make use of this cue, subject J K. His data show a trend towards predominating b judgments for the first four stimuli and g judgments for the last four, but his d judgments were well distributed across the sixteen stimuli and are not plotted here. For the other subjects, only the numbers of b judgments are plotted; since these are distributed around 33%, which is a chance result, they fairly well determine the numbers for d and g, and plotting these latter would have made the curves difficult to read without conveying much additional information. It is clear from the curves that these subjects' judgments are very little influenced by the second formant transition cue. I said earlier that this particular listening test gives difficulty to normal listeners and this factor undoubtedly contributes to the effect seen in the data for deaf subjects, who will not in any case feel very great confidence in their ability to deal with such stimuli. However, the data for H S, and to some extent J K, are enough to show that this cue is accessible to deaf subjects. Notice that all 5 are able to produce and to recognize b, d and g, so we must therefore conclude that some of them employ other cues, which it may be possible to discover by further experiments.
The third cue, noise differences for the distinction between s and sh, gave if anything even more interesting results. Of the 5 deaf subjects, 2 were able to use this cue to distinguish saw from shaw and in doing so they performed exactly like normal subjects, with a rather sharp switching of the judgments in the region of Stimulus 7. A third subject was able to differentiate the two sounds on the basis of the noise cue, but her boundary between them came much earlier in the series of stimuli, at Nos. 3-4. The results for these 3 subjects are plotted in Fig 8. On the other hand, 2 of the subjects were unable to use the cue at all and gavejudgnents randomly distributed throughout the range of stimuli. The interesting point here is that one of these last two was the subject H S, who alone was able to use the second formant transition cue. Once again notice that she is able to make a very clear difference between s and sh in her own speech and we must conclude that she is depending on another type of cue. This is very likely to be the case since in natural speech the difference between the fricatives is accompanied by a difference in second formant transition and we know that she is able to use this cue.
In the conditions of the experiment, where the available cues are reduced to one, noise frequency band, she is deprived of the cue which she may be in the habit of using.
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This prompts the general question as to how it is possible for any of these deaf subjects to operate with this type of cue. Those who were able to do so have losses from 60 to 90 dB over the range from 1000 to 8000 Hz and it is difficult to see at first sight how they can be in a position to operate with such a cue. Here I must emphasize again that the filtering of the noise, both in natural speech and in the synthesized stimuli, cannot produce an absolute cut-off of noise energy; although the main concentrations of acoustic energy may be above 1800 Hz for sh and above 4000 Hz for s, there will be some energy below these limits. If this is made audible to a deaf person, then his brain can evolve its own method of differentiating between the sounds and this is clearly what has been done by these deaf subjects.
Conclusions
Let me now summarize briefly the conclusions that appear justified by the results obtained so far. We can say categorically that a hearing loss, even a severe one, does not prevent the brain from developing the capacity to use acoustic cues for speech since all of our 5 subjects have in fact done this. There is little evidence here that degree of hearing loss is a deciding factor; the subject with the greatest overall loss, from 85 to 100 dB throughout the range in both ears, was able to use the noise cue, while the subject with the greatest amount of hearing could not do so. It certainly seems to be the case than an individual deaf subject will develop the use of some cues and not of others, though we do not yet know enough to make any predictions about this. There may well be some effect of the form of the hearing function in a particular case, but we have to remember that operating with speech is not a matter of functioning at thtfeshold loudness so that we need very thorough investigation of hearing at higher loudness levels before we can hope to go far in this direction.
One of the most difficult questions remains that of the control of speech production by those with severe hearing losses. I have suggested that the secret here lies also in the use of acoustic cues, but it cannot be denied that in some cases we must credit the deaf speaker with producing consistently sounds 'which he cannot hear', as it were. Let me in conclusion offer on this subject an analogy, which like all analogies cannot be taken too far, but which I believe may help us to appreciate the nature of the feat which is being accomplished. The analogy is a visual one: let us imagine that we look through some distorting medium, say a sheet of glass of which one surface is regularly rippled. Through this we look at a straight line and the line of course appears to be waved. If we now take a pencil, place our hand under the glass and try to reproduce the straight line, we shall succeed only by drawing what appears to be a match for the wavy line. I believe that something analogous is happening in the case of the deaf person who succeeds in producing speech which closely resembles that of ordinary people. His brain is supplied with information which constitutes a distorted version of normal speech sounds. When he speaks himself, he endeavours to match these patterns through the use of his auditory feedback and, given the nature of the speech mechanism, when he is successful in making this match he has gone a long way towards producing near-normal speech.
The young deaf people I have mentioned as my subjects, and very many more like them, have succeeded in this task and in taking their place in a speaking world largely owing to the pioneering work of Edith Whetnall. She saw that the job could be done and because she did not cease in her efforts to find out how it could be done, she was instrumental in transforming the lives 'of very many deaf children, in this country directly and, through her influence, in many other parts of the world. In these young people and in their successors we see Edith Whetnall's true memorial. 
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